Introduction 1070 of 23S rRNA. The respective isolated RNA stemloops were shown to form complexes with EF-G The translocation step in the protein elongation cycle (Munishkin and Wool, 1997) . entails a large-scale rearrangement in which two mRNAThe structural information on EF-G-ribosome combound tRNAs move from their pre-to their posttransloplexes referred to above defined the posttranslocation cation sites on the ribosome. The process is promoted state of EF-G on the ribosome, which in most studies by elongation factor G (EF-G), a member of the GTPase was stabilized by fusidic acid. Studying EF-G-ribosome superfamily. Thus far, the mechanism of translocation complexes in the pretranslocation state proved difficult, catalysis by EF-G and the role of GTP hydrolysis has mainly because translocation takes place rapidly after not been understood. While translocation takes place binding of EF-G to the pretranslocation ribosome, even slowly with nonhydrolyzable GTP analogs or, very when GTP is replaced with nonhydrolyzable analogs slowly, even without EF-G (Spirin, 1985) , the presence (Rodnina et al., 1997). Taking advantage of the inhibition of the factor and GTP hydrolysis is essential for the by thiostrepton of both translocation and EF-G turnover reaction to take place rapidly (Rodnina et al., 1997).
observed recently (Rodnina et al., 1999), we were able It is likely that GTP hydrolysis and/or the subsequent to freeze EF-G-ribosome complexes in both pre-and dissociation of inorganic phosphate induce conformaposttranslocation states and to study them by cryotional strain in EF-G, which, in turn, is coupled to a electron microscopy. structural change of the ribosome that allows, or proWe report three-dimensional reconstructions, at resomotes, the movement of the tRNAs ( ribosome for the mechanism of translocation are disribosome-tRNA complex without EF-G. Density attributable to EF-G is clearly identified in the three complexes. cussed.
In the pre complex, density due to EF-G is seen bridging the cleft between the two subunits. The density emerges Results from the L7/12 stalk on the 50S subunit and contacts the shoulder of the 30S subunit at the bottom of a large Preparation of Pre-and Posttranslocation cleft between head and shoulder of the 30S subunit.
EF-G-Ribosome Complexes
There are no other contacts of EF-G with the ribosome Ribosomes in the pretranslocation state were prepared in the pre state. from 70S initiation complexes carrying fMet-tRNA fMet in The arrangement of EF-G in the post complex is enthe P site by binding Phe-tRNA Phe in a complex with EFtirely different. The comparison with the control complex Tu·GTP to the A site; subsequent peptide bond formanow reveals additional density closely attached to the tion yielded pretranslocation ribosomes with tRNA fMet in 30S subunit, indicating that the EF-G molecule has unthe P site and fMet-Phe-tRNA Phe in the A site. Complexes dergone a major movement into the intersubunit space. were studied in the states immediately preceding (pre)
The strong connection of EF-G to L7/12 prevailing in the and following (post) the movement of the tRNAs. In the pre complex has been largely lost in the post complex, presence of thiostrepton, translocation is sufficiently except for some density emerging from the globular slow to allow the EF-G-ribosome complex to be frozen head of the L7/12 stalk and forming a bridge to the in the pre state before the movement of the tRNAs has density attributed to EF-G. Instead, there are several proceeded to any significant extent. On the other hand, contacts between EF-G and both body and head of the by further incubating the complex prior to freezing, the 30S subunit. post state with peptidyl-tRNA in the P site and bound
In the post(fus) complex, the density due to EF-G is EF-G·GDP can be obtained from the pre complex. Thus, located in the intersubunit space and protrudes toward the two complexes studied, pre and post, are identical the outside of the ribosome. An extended structural elebiochemically, except that translocation has taken place. ment (domain 4, see below) is oriented toward the deAccording to the biochemical analysis, at least 85% of coding center in the 30S subunit. Another prominent the ribosomes were in the pre-or posttranslocation feature of this complex is the extended structure of the state, respectively (Experimental Procedures). The com-L7/12 stalk. In its main features, the present reconstrucplex of EF-G in the posttranslocation position stabilized tion of the post(fus) complex is similar to the previous by fusidic acid on ribosomes without tRNAs, post(fus), reconstruction of the same complex reported by Agrawas prepared as described (Experimental Procedures).
wal et al. (1998); differences are discussed below.
Arrangement of EF-G on the Ribosome before and after Translocation Conformation of EF-G in Ribosomal Complexes
Density due to EF-G was identified as positive density Three-dimensional reconstructions of ribosome-EF-G complexes are shown in Figure 1 along with a control in difference maps obtained by subtracting the density 
Comparison of the Arrangements of EF-G and EF-Tu on the Ribosome
The arrangement on the ribosome was compared with that of the kirromycin-stalled EF-Tu-aa-tRNA complex in the codon-recognition state (Stark et al., 1997b ). In the latter complex, the anticodon arm reaches into the decoding center on the 30S subunit while EF-Tu is oriented toward the 50S subunit, contacting the base of the L7/12 stalk and the stalk itself. In the present pre complex, the arrangement of EF-G is perpendicular to that of the ternary complex, and EF-Tu and the body of EF-G occupy different positions on the 50S subunit ( Figure 5 ). In particular, the position relative to the L7/12 stalk appears different, although there is an interaction between factor and L7/12 stalk in both complexes. In the post complex, the orientation of EF-G is roughly parallel to that of the ternary complex, with domain 4 pointing into the decoding center as the anticodon arm of the ternary complex, while the body of EF-G is in a position that differs from the one of EF-Tu. In the post(fus) complex, the position of EF-G almost coincides with that of the ternary complex in the codonrecognition complex.
Discussion
Large-Scale Reorientation of EF-G during Translocation 
, 1998). This is in line with
in the region of the neck connecting body and head, in the "molecular mimicry" model that was based on the the head at the connection with the beak, and at the structural similarity of the EF-Tu·GTP·aa-tRNA complex outer junction of head and shoulder, which is opened and EF-G·GDP (Nissen et al., 1995) . However, the paralup significantly. The structure and relative orientation lel is restricted to the state after translocation, whereas of these regions of the small subunit appear to be flexiin the pre state the orientation of EF-G on the ribosome ble, as a recent cryo-electron microscopic study of isois entirely different, and obviously has to be, because lated 30S subunits has revealed structural variations in the pretranslocation state domain 4 cannot reach into mainly in these regions (Gabashvili et al., 1999). the 30S A site, which is occupied by peptidyl-tRNA.
The observed structural differences may be in part related to defined structural elements of the small subunit on the basis of a structural model of the 30S subunit
Conformation of EF-G on the Ribosome
In order to optimally fit the densities observed for EF-G (Mueller and Brimacombe, 1997a; 1997b) as well as of the recent 5.5 Å crystallographic structure of the 30S in the three ribosome complexes, pre, post, and post(fus), the structure of EF-G, as derived from the crystal strucsubunit (Clemons et al., 1999). According to those models, helix 34 of 16S rRNA is located in the head and is ture of EF-G·GDP, had to be changed to different extents, indicating that the factor assumes different coninvolved in a contact with the body. Thus, the structural changes observed in that region suggest that the arformations in the three complexes studied. The best fits were obtained when the arrangement of domains 3/4/5 rangement of helix 34 is changed in the pre complex, leading to a widening of the gap between head and relative to domains 1/2 was changed, resulting in quite different positions of domain 4 in the three complexes. In shoulder. Helix 34 is linked to translocation, as mutations at C1092 confer resistance to the antibiotic spectiall ribosome-EF-G complexes studied, the conformation of EF-G was different from that in the crystal structure nomycin, an inhibitor of EF-G function ( Spirin, 1985) . In such a case, EF-G accelerates structure of the 30S subunit in the pre complex. EF-G translocation by promoting the structural change of interacts with both subunits of the ribosome, contacting the ribosome toward the transition state, and tRNA L7/12 on the large subunit and the S4 binding region movement as such is thermodynamically favored and at the shoulder of the small subunit. Hence, the 30S spontaneous. However, alternative models in which the structure may be affected either directly or indirectly via tRNA-mRNA movement is directly coupled to the conthe 50S subunit. Since the structure of the 50S subunit formational change of EF-G or of the ribosome are not is not changed much in the pre complex, the latter possiexcluded. bility seems less likely. We propose, therefore, that the effect of EF-G is direct and that binding of domain 4 in Interaction of EF-G with the L7/12 Stalk the S4 region induces a structural change in the shoulder EF-G interacts with the L7/12 stalk on the 50S subunit region that, in turn, brings about the structural changes in both pre and post complexes. In the pre complex, observed at the neck and at the site of head and body the interaction is quite extensive and clearly involves interaction. One possibility is that the conformational domain 1 of EF-G; on the side of L7/12, the outer globular change is propagated through 16S rRNA. S4 has been part of the stalk takes part in the interaction. In the post mapped to 16S rRNA at the junction of five helical elecomplex, the interaction is reduced to a small bridge of ments ( 
The question remains how EF-G induces the particular EF-G (

